Abstract. When a train collision occurs, it is impossible for the vehicle to produce a completely axial collision. To improve the energy absorption performance of the energy-absorbing structure under an eccentric collision, in this paper, the collision performance of a subway vehicle energy absorption structure under a horizontal offset of 0-40 mm is studied via simulation. The results show that the original structure is prone to instability when the horizontal offset is large, so it is necessary to perform an optimization. Based on the concept of gradient material, the honeycomb strength in the structure is changed into a gradient distribution, and the results show that the improved structure did not show any instability phenomenon under all horizontal offsets. Under the horizontal offset of 40 mm, compared with the original structure, the energy absorption increased by 171.88% and the peak force decreased by 1.92% at the same time.
Introduction
Although the possibility of collision accidents on trains is much lower than other transportation methods, collision accidents still occur, resulting in serious casualties and economic losses [1] . On February 9, 2016, two commuter trains crashed in Germany, killing at least 10 people. On April 8, 2017, a Russian train crash occurred, resulting in 50 people being injured. To reduce the injury rate of passengers and staff in train collision accidents, an energy-absorbing structure is often installed at the front of the vehicle [2] . Thus, the energy absorbing capacity and characteristics of the energy-absorbing structure has become the focus of much research. Yu and Lu [3] studied the deformation of such material via a theoretical model and a large number of experimental results of square tube, circular tube and other thin-walled structures under axial compression. Nia et al. [4] determined that pyramidal and conical tubes have a uniform displacement-force curve that reduces the maximum force and the average force. A. Mahmoodi et al. [5] proposed that increasing the number of cells in the cross section will improve the impact resistance of the structure. Peng et al. [2] found that their proposed composite energy-absorbing structure could not only produce regular folds in the diaphragm, but could also absorb more energy due to the filled honeycomb material. At present, most of the research on energy absorption characteristics of energy-absorbing structures are focused on axial impacts [6] [7] [8] [9] [10] [11] .
However, in an actual collision, it is impossible for the vehicle to produce a completely axial collision. On June 22, 2009 , two subway trains collided in Washington, resulting in the two vehicles piling up and 9 deaths. On September 27, 2011, the Shanghai Metro Line 10 experienced an oblique rear-end accident, resulting in a large number of passenger injuries. On May 7, 2016, a KTM train side collision accident occurred in Malaysia, resulting in 3 injuries. The flexible elastic suspension device between vehicle and bogie, the movement of the wheel rail caused by the conical tread design, the abrasion of wheel-sets, vibration in motion and random irregularity of the track all caused vehicle offset in the vertical and horizontal directions. Therefore, standard EN15227 [12] presented the acceptance criterion for the overriding limitation for scenario 1 (identical train unit collision), where the validation process demonstrates that, with an initial vertical offset of 40 mm at the point of impact, the criteria for deceleration and survival space are achieved. Wan et al. [13] gave a method for calculating the horizontal offset of rail transit vehicles, and calculated when the speed is 130 km/h, the maximum horizontal offset is 42.5 mm. To reduce the casualties and economic losses under eccentric impact, it is necessary to carry out the study of the energy absorption characteristics of the energy-absorbing structure under an eccentric collision.
Eccentric impacts are common, along with oblique impacts and offset impacts. For oblique collisions, Zou et al. [14] analyzed the collision behavior of eight multi-cell square tubes at the oblique loading angle and found that at a small angle, all structures show patterns similar to the progressive buckling modes under axial loads. However, at large angles, all structures show a bending-dominated deformation pattern, which leads to a decrease in the energy absorption and peak force. S. Pirmohammad et al. [15] [16] found the same law when analyzing the oblique impact performance of other cross-sectional shapes of thin-walled tubes. The results of A. Othman et al. [17] showed the performance of the composite square tube filled with polymer foam is better than empty composite tubes under oblique loads through experimental results. Through experimentation, Gao et al. [18] also found that a foam filled tube with common cross section has better energy absorption capacity than an empty tube at multiple angled load angles. Research on offset collisions is relatively rare. M. A Ismail et al. [19] analyzed the eccentric collision of high strength steel tubes, where the results showed that the energy absorbed increased and the crush force efficiency decreased when the eccentric compression loading increased. Therefore, in this paper, the collision performance of a honeycomb-filled energy-absorption structure for a metro vehicle is studied in the case of vertical and horizontal offsets.
Numerical Analysis

Finite Element Model
The honeycomb-filled energy-absorbing structure is shown in Figure 1 (a). The structure is composed of main energy absorbing parts-a thin-wall tube and honeycomb, a diaphragm for separating the honeycomb, a front-end plate, a rear-end plate and a guide. The honeycomb is embedded between the diaphragms, with the distribution shown in Figure 1 The structural dimensions are shown in Figure 2 . The total length L all is 1,006 mm, and the front and rear end plate thickness is 6 mm and 10 mm, respectively. The length L of the thin walled tube is 787 mm, both ends are rectangular with a fillet, the front section size is 280 mm×188 mm and the end section is 280 mm×232 mm. The front of the thin-walled tube is provided with an induction structure. The thin-walled tube thickness t=2.5 mm, the diaphragm thickness t D =3 mm. The fill consists of two different sizes of honeycomb according to the location of the diaphragm. All honeycomb structure section sizes are 150 mm×90 mm, H A and H B axial dimensions are 97 mm and 62 mm, respectively. In this paper, finite element simulation analysis is carried out by nonlinear finite element software LS-DYNA; the finite element model of the structure is shown in Figure 3 . In the process of modeling, the welding of the thin-wall tube and the diaphragms and front and rear end plate is simulated by the coupling of nodes. Because the structure needs to absorb energy through large deformation, to match the folds of the thin-walled tube, the structure uses a 7.5 mm grid, considering the honeycomb will bring a large number of elements and nodes according to the actual model. This greatly increases computation time; therefore, the anisotropic mechanical material model *mat_modified_honeycomb was used to simulate the honeycomb material. The specific material parameters of the honeycomb are shown in Table 1 , where Es and Gs are the Young's modulus of elasticity and the shear modulus yield stress for a fully compacted honeycomb material, respectively; ρ is the mass density; Eu 11 , Eu 22 , and Eu 33 are the three elastic moduli of the honeycomb in its uncompressed configuration; and Gu 12 , Gu 13 , and Gu 23 are the three shear modulus of the honeycomb in its uncompressed configuration. The honeycomb also uses a 7.5 mm grid. The car uses rigid body modeling, and employs a 20 mm grid. The rear part of the car is equipped with a mass point for weighting, making the whole car weigh 1.21t. The whole device is placed on the track with a lower side fixed and impact rigid wall at 19.5 m/s speed. Except for the honeycomb, the energy-absorbing structure is made of steel material, and the specific material parameters as shown in the Table 2 , where σ 0 is the initial yield stress, Et is the tangent stress, C and P are the strain rate parameters for the Cowper-Symonds model, and β is the hardening parameter. 
Validation of FE Model
To verify the correctness of the finite element model and parameter setting, the dynamic experiment is carried out under the same conditions. A high-speed camera is used to obtain the structural deformation. The energy-absorbing structure begins to undergo buckling deformation from the induction structure during the collision process, forming the first fold, and then folding rearwards successively. The process is the same as in the simulation. Figure 4 shows a comparison between the experiment and the simulation before and after the collision of the energy-absorbing structure, where the structure finally formed a regular shape and the same number of folds.
Using the force sensor to obtain the impact force-time curve in the deformation process of the energy-absorbing structure, a comparison between the experimental results and the simulation is shown in Figure 5 (a). Time zero is the moment when the energy-absorbing structure is in contact with the rigid wall. The initial peak force of the experiment and simulation is formed at the moment after the structure contacts the rigid wall and then decreases rapidly. Afterwards, the volatility platform force formed. Finally, as the energy dissipates, the impact force is reduced to zero. In the experiment, the compression amount of the energy-absorbing structure is determined by the marking points on the front and rear plates, and the results are consistent with the simulation results. The force-displacement curve is obtained by using the force-time curve and the displacement-time curve, seen in Figure 5 (b), and integrates it to obtain the final energy absorption of the energy-absorbing structure, seen in the displacement-energy curve shown in Figure 5 (c). The experiment and simulation are essentially identical. Specific values and relative errors are shown in Table 3 . The force-displacement curve can be obtained by the ratio of the energy absorption and the displacement, as shown in Figure 5 In summary, the impact force of the peak force, peak force appearing moment, the platform force and structural deformation mode are all in good agreement with the experiment. The simulation model is accurate and can be used in the following research.
The Collision Performance of the Original Structure under Horizontal Offset Collision
A horizontal offset in the actual operation of the train will cause a horizontal eccentric collision of the energy-absorbing structure. A simulation of the A,B two energy-absorbing structures with horizontal offsets of 10 mm, 20 mm, 30 mm and 40 mm is performed. Simulation conditions are shown in Fig. 6 . The deformation results of energy-absorbing structures under different lateral offsets are shown in Figure 7 (a)-(c) and include the final deformation of the structure without an offset and with an offset of 10 mm and 20 mm. In this case, the deformation is similar, and the two energy-absorption structures form regular folds. Figure 7(d)-(f) show the deformation sequence of the 30 mm offset. The structure exhibits the bending phenomenon at the beginning, when the energy-absorbing structure A is compressed a portion at the front end, and folds are generated from the rear end, but the entire structure can also maintain the buckling fold deformation mode. Figure 7(g)-(i) show the deformation sequence of the 40 mm offset, where the structure appears to show a greater bending at the beginning, and the contact surface appears relatively sliding, which results in structural bending becoming more serious and eventually separating from each other, no longer dissipating energy. When the offset is 30 mm, the deformation mode begins to change, therefore, Figure 8 (a) shows the contact force-displacement curves of the two structures under a 0 mm, 30 mm and 40 mm horizontal offset. The peak force is formed at the moment of contact. Although the deformation mode changes, the curve under 30 mm offset is similar to that under 0 mm offset. Under 40 mm offset, as the structure is bent and experiences relative sliding, the forces are gradually reduced and eventually reduced to zero when the structures are separated from each other. Figure 8 (a) also shows the platform force displacement curve. The curve under 30 mm offset is similar to that under 0 mm offset. The front of the curve under a 40 mm offset is similar to that of a 0 mm offset but begins to decline at approximately 300 mm. Figure 8(b) shows the horizontal force-displacement curve; relative to the axial force, the vertical force is smaller too. When there is no offset, the curve fluctuates around zero. When under a 30 mm offset, the curve increases when the energy-absorbing structure is in contact, and as the energy-absorbing structure can still maintain the folding deformation mode, it decreases and fluctuates near zero. When under a 40 mm offset, the curve suddenly increases before the structure is separated and then decreases to zero. The peak force and mean force under different vertical offsets are shown in Table 4 . Peak force and mean force are minimal when the offset is 40 mm compared to the maximum value being reduced by 5.32% and 29.36%, respectively. Table 5 shows the energy absorption of two energy-absorbing structures under different horizontal offsets. When the offset is less than 30 mm, there is not much difference in total energy, but when the offset is 30 mm, although the total cannot be reduced, the energy absorption of the honeycomb decreased slightly. When the offset is 40 mm, the total absorption energy of A and B is reduced by 62.50% and 63.55%, respectively.
The trend of peak force, mean force and energy absorption with vertical offset is shown in Figure 9 . The peak force showed a downward trend. For an offset of 0 mm to 30 mm, the platform force is almost identical, and there is a greater change at 40 mm. Similar to the change of the force, with the increase of the offset, the total absorption energy is almost the same at 0 mm to 30 mm, but there is a big change in an offset of 40 mm. 
Optimization of the Original Structure
Because the guide section of the structure is I-shaped, the structure is bent when the large horizontal offset occurs. When the structure is bent, the rear end of the thin-walled tube begins to form inward folds, which aggravates the bending of the structure. To avoid this situation, the structure should be optimized.
In recent years, a new type of functionally graded foam (FGF) has been used to replace uniform foam (UF). This new foam filling material has a gradient density along a specific direction. By changing the thickness of the foam wall and the pore diameter, the foam density gradient can be achieved. Gupta et al. [20] [21] improved the energy absorption of the foam. Yin et al. [22] [23] also used the functionally gradient foam and the gradient-changing thin-walled tube to design the crashworthiness of the combination of the two. To improve the instability behavior of the energy-absorbing structure under large offsets, based on the concept of gradient material, the original energy-absorbing structure is optimized, the original distribution of the same intensity is changed to the gradient distribution, and the honeycomb strength increases from the front end to the rear end.
Specific strength values are shown in the Table 6 , where the honeycomb number is written from the front end. The energy absorption of the improved energy absorption structure in the vertical and horizontal offset was analyzed. The simulation results of the improved energy-absorption structure under the horizontal offset are shown in Figure 10 Figure 11(a) shows the contact force-displacement curves of the improved structure without an offset and a 40 mm horizontal offset. Because the structure can still maintain a good deformation mode under a 40 mm offset, its force displacement curve is similar to the one without an offset, and the curve of platform force displacement in Figure 11 (a) is similar. Figure 11(b) shows the horizontal force-displacement curves of the improved structure without an offset and with a 40 mm horizontal offset. The curve without an offset fluctuates around zero, and the curve under a 40 mm offset fluctuates approximately 20 kN, compared with the curve of the original structure under a 40 mm offset, which does not cause the structure to bend and produce relative sliding. The peak force and the platform forces under different horizontal offsets are shown in Table 7 . In all cases the peak force is lower than the original structure. The mean force is smaller than the original structure when the offset is small (0 mm, 10 mm and 20 mm), but when the offset is large (30 mm and 40 mm), it is bigger than the original structure. Table 8 shows the energy absorption of two energy-absorbing structures under different horizontal offsets. As the deformation structure improves, the total energy absorption of the improved structure under different offsets is almost identical and slightly higher than the original structure. The trend of peak force, platform force and energy absorption with horizontal offset is shown in Figure 12 . With an increase in the offset, the peak force shows a decreasing trend, the platform force tends to rise slightly, and there was no obvious change in the energy absorption.
Conclusion
In this paper, a finite element model is established for a subway vehicle energy absorption structure and was verified by experiment. Based on the validated finite element model, the collision performance of this structure in the horizontal offset of 0-40 mm was studied.The results show that under the condition of smaller horizontal offsets (10 mm and 20 mm), the structure can also maintain a good deformation mode, but under the 30 mm horizontal offset, the structure began to bend. Under a 40 mm horizontal offset, the structure shows relative sliding. Compared with the results under non-offset, the peak force decreased by 5.32%, the mean force decreased by 29.36%, and the total absorbing energy decreased by 63.03%. To solve this problem, the original structure was optimized.
Based on the concept of gradient material, the honeycomb strength in the structure is changed into gradient distribution. The improved structure can maintain a good deformation mode under all horizontal offsets. Under the horizontal offset of 40 mm, compared with the original structure, the energy absorption increases by 171.88% and the peak force of the improved structure decreased by 1.92%.
